ABSTRACT
INTRODUCTION
Because both classical and optimal control schemes are unable to accommodate variations or uncertainties in circuit parameters, the application of adaptive control schemes to hydraulic systems has been widely studied for the improvement of hydraulic system dynamics eg [1] [2] [3] . However, because electro-hydraulic systems usually have a high relative order, their z-transfer functions usually have unstable zeros unless an unreasonably large sampling period is used [41. With rapid sampling, the back-shiftbased model reference control schemes based on zero cancellation can not be used because the control input will go boundless. Also, a large sampling period usually results in poor, or even unacceptable control performance and disturbance rejection properties. With the aim of solving the above-mentioned problems on adaptive control for discrete nonminimum phase systems due to certain small sampling periods, the idea of using a delta operator, instead of the usual back shift operator has been proposed by Goodwin et al. [5] , Janecki [6] , and Suzuki and Tanaka [7] . In this paper, the application of a delta-operator-based model reference adaptive scheme to the control of the delivery pressure of a variable capacity swash plate piston pump is studied on the basis of computer simulations.
ADAPTIVE CONTROLLER
Two adaptive controllers using the delta operator have been presented in references [51, and [61. In this paper, the controller proposed in [5] will be slightly modified and applied to the control of a piston pump.
It is assumed that a single-input, singleoutput, continuous-time plant with n poles and m zeros and without external disturbances is sampled at the sampling period h, and the digital control input acts on the continuous time plant via a zero-order hold.
Thus the deltaoperator-based discretized representation for the plant can be obtained as: (1) where polynomials A(6) and B(5) of degree n and n-1 can be expressed as:
The task of a model reference adaptive controller is to control the plant defined by (1) so that the output of the plant closely tracks the output of the reference model given by:
where A,, (8) and Bm (8) are polynomials and the selection of their orders will be discussed later.
The basic structure of adaptive controller based on zero and pole cancellation can be obtained by the analogy to those for general continuous time plants as follows [5, 81: (5) where polynomials P(6) and Q (5) 
Correspondingly, Bƒ¢(ƒÂ) can be rewritten as:
The control law given by equation (5) 
By multiplying equation (13) by yp(k), and then using equation (1), it follows that
where u(k) and y(k) are respectively the fi ltered values of u(k) and yp(k) via F(8),and can be expressed as: it is not used in the scheme described below . The computer is programmed to implement the adaptive control scheme and the control signal drives the servo-valve through an amplifier in the usual manner. For the study reported here, it is assumed that the pump load consists a lumped volume and a variable restrictor valve . The objective of the controller is maintain the required pressure even in the presence of changes in the load valve setting. The dynamic mathematical model of a piston pump control system is given in detail in reference [1] . The plant is simplified to a sixth order system with some nonlinearities . Here second order plant dynamics will be assumed, and the neglected dynamics will be treated as the unmodelled dynamics.
The reference model was critically damped with a natural frequency of 100 rad/s; the sampling period 0.001 second.
It is clear from FIGURE 2 and FIGURE 3 that the plant has very good output behaviour for both step and sinusoidal demand signals , as illustrated by the thin solid lines . The control inputs are stable for both cases, as shown by the dashed lines, and the tracking error is very small, as indicated by the dotted lines . Because a smaller sampling period is used the speed of response of the plant has been increased over that presented in [11 through the selection of a faster reference model. FIGURE 2. Step response of the plant under adaptive control FIGURE 4 and FIGURE 5 shows the disturbance rejection properties in the case of a 30% variation in the restrictor opening. It can be seen from FIGURE 4 and FIGURE 5 that the control inputs are stable and bounded for both step and sinusoidal variations in the restrictor opening. The tracking errors for both cases are reasonable and acceptable though a large overshoot (about 15%) can be observed when the restrictor opening changes suddenly.
Although the sampling period has been decreased to one-tenth of that used in [1] , the disturbance rejection properties are not significantly improved. The step variation in the restrictor opening leads to a rapid disturbance response and a sudden change in plant parameters. Improvement in the disturbance rejection properties is dependent on the speed of response of the whole closedloop system and the speed of parameter adaptation. Simulations indicate that the speed of the whole system plays a dominant role in rejecting the step disturbances in the restrictor opening. Although the speed of response can be theoretically increased by selecting a faster reference model, the improvement is limited because of valve signal saturation. A small sampling period only provides a possibility of using a faster reference model. Here, because 
CONCLUSIONS
From the preliminary simulation results given in the previous section, it can be concluded that
(1) Through the use of the delta operator, a much smaller sampling period can be used, and consequently the bandwidth of the whole closed-loop system can be extended.
(2) Adaptive controllers in the delta operator have very good performance, even in the case where unmodelled dynamics exist.
(3) The outstanding disadvantage is that adaptive schemes in the delta operator substantially increase calculations in comparison with those in the back-shift operator.
This leads to difficulties in the realization of adaptive schemes, especially when the plant to be controlled is a high order system.
(4) Disturbance rejection properties are limited by signal saturation in the control loop.
